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1. Introduction {#cssc201903382-sec-0001}
===============

With the booming development of electrochemical energy‐storage systems from transportation to large‐scale stationary applications, future market penetration requires safe, cost‐effective, and high‐performance rechargeable batteries.[1](#cssc201903382-bib-0001){ref-type="ref"} Limited by the abundance of elements, uneven resource distribution and difficulties for recycling, it is considered that metal‐based batteries would be too expensive for scale‐up to large‐scale systems.[2](#cssc201903382-bib-0002){ref-type="ref"} In addition, state‐of‐the‐art battery technologies, such as lithium‐ion batteries (LIBs) and vanadium redox‐flow batteries (RFBs), as representatives for portable and stationary batteries, respectively, are approaching their performance limitations, in terms of maximum capacity for reversibly hosting lithium cations[3](#cssc201903382-bib-0003){ref-type="ref"}, [4](#cssc201903382-bib-0004){ref-type="ref"}, [5](#cssc201903382-bib-0005){ref-type="ref"} and the solubility of vanadium species.[6](#cssc201903382-bib-0006){ref-type="ref"} In comparison, the search for alternatives to realize sustainable battery chemistries by using organic redox‐active materials is very promising.[7](#cssc201903382-bib-0007){ref-type="ref"}, [8](#cssc201903382-bib-0008){ref-type="ref"}, [9](#cssc201903382-bib-0009){ref-type="ref"}, [10](#cssc201903382-bib-0010){ref-type="ref"} Organic materials can be obtained through synthetic chemistry or from renewable and sustainable resources. Their structural variability allows the tuning of the redox potential, stability, and theoretical capacity by carefully designing the versatile molecular structure and functional groups. With good flexibility, organic materials are also suitable as electrodes in flexible electronics.[11](#cssc201903382-bib-0011){ref-type="ref"}, [12](#cssc201903382-bib-0012){ref-type="ref"}, [13](#cssc201903382-bib-0013){ref-type="ref"}

Interestingly, organic redox materials have shown broad applicability in LIBs,[7](#cssc201903382-bib-0007){ref-type="ref"} beyond‐Li systems (such as Na^+^, K^+^, and multivalent cations including Mg^2+^, Ca^2+^, Zn^2+^, or Al^3+^),[14](#cssc201903382-bib-0014){ref-type="ref"}, [15](#cssc201903382-bib-0015){ref-type="ref"}, [16](#cssc201903382-bib-0016){ref-type="ref"}, [17](#cssc201903382-bib-0017){ref-type="ref"}, [18](#cssc201903382-bib-0018){ref-type="ref"} and RFBs.[19](#cssc201903382-bib-0019){ref-type="ref"}, [20](#cssc201903382-bib-0020){ref-type="ref"}, [21](#cssc201903382-bib-0021){ref-type="ref"}, [22](#cssc201903382-bib-0022){ref-type="ref"} The first two use organic materials as solid electrodes assembled inside the electrochemical cell (Figure [1](#cssc201903382-fig-0001){ref-type="fig"}), whereas RFBs store energy by using the electrochemical reactions of organic materials as dissolved species that are transported to reaction sites in the battery by the forced flow of redox electrolytes. Thus, RFBs utilize external tanks to store the liquid redox electrolytes and pumps to circulate the electrolytes.[23](#cssc201903382-bib-0023){ref-type="ref"} The electrode materials for RFBs are typically porous carbon‐based materials in thick felt (ca. mm) or thin paper (ca. μm) forms, perfused by the liquid redox electrolytes.[24](#cssc201903382-bib-0024){ref-type="ref"} The general architecture of RFBs offers the advantage of decoupling energy storage and power output capability by individually changing the volume of the redox electrolytes (i.e., the tank size) and the electrode area (i.e., the cell size), respectively.[23](#cssc201903382-bib-0023){ref-type="ref"}

![Schematic illustration of the use of sustainable organic energy‐storage materials in LIBs and beyond‐lithium batteries as solid electrodes, and in RFBs as redox fluids, the different system architectures and components of LIBs and RFBs for transportation and stationary applications, respectively.](CSSC-13-2205-g005){#cssc201903382-fig-0001}

As compared in Figure [1](#cssc201903382-fig-0001){ref-type="fig"}, LIBs and beyond‐lithium batteries use porous polymer separators to allow the transport of ionic species between the cathode and anode, and to isolate the two electrodes electronically. The same electrolyte is commonly used in the two compartments of the electrochemical cell. The organic redox electrode materials should be ideally insoluble in the electrolyte media. In contrast, for RFBs, the redox fluids, that is, the anolyte and catholyte, contain active materials of different types and/or oxidation states, which are separated by either an ion‐exchange membrane or a porous size‐exclusion membrane.[25](#cssc201903382-bib-0025){ref-type="ref"} Cross‐contamination of the anolyte and catholyte due to the diffusion of fluidic redox species through the membranes in RFBs is often inevitable and should be minimized. The transport rate of charge‐balancing ions through the membranes and the chemical diffusion of active species in the bulk electrolytes largely affect the power performance of RFBs. In addition, for RFBs, the organic materials need high solubility in the supporting electrolytes to achieve a high volumetric capacity.[26](#cssc201903382-bib-0026){ref-type="ref"}, [27](#cssc201903382-bib-0027){ref-type="ref"}

For organic, solid electrode materials, reversible charge storage occurs through an ion‐coordination mechanism and/or the adsorption/desorption of electrolyte ions.[8](#cssc201903382-bib-0008){ref-type="ref"}, [16](#cssc201903382-bib-0016){ref-type="ref"}, [28](#cssc201903382-bib-0028){ref-type="ref"}, [29](#cssc201903382-bib-0029){ref-type="ref"}, [30](#cssc201903382-bib-0030){ref-type="ref"} Accordingly, the electrochemical behavior of organic electrodes depends less on the type and radius of the charge‐carrier ions. This is different from inorganic intercalation materials for which the reaction rates could be limited by the (de)solvation process at the electrode/electrolyte interface. However, some challenges remain to be solved, such as the unwanted high solubility of organic electrode materials in aprotic electrolytes, detrimental reactions at the electrode/electrolyte interface, ion trapping, and rapid self‐discharge.[14](#cssc201903382-bib-0014){ref-type="ref"}

For both LIBs and RFBs, new strategies towards the rational design of superior electrolyte formulations, allowing for an optimized battery performance, are very important to speed up the utilization of organic materials. The selection of suitable electrolytes should consider the safety of the solvent, the dissolution and chemical stability of the charge‐carrier ions, the associated transport within the electrolyte, the ionic conductivity and electrochemical stability of both solvent and ions, the operating temperature range, and so forth.[31](#cssc201903382-bib-0031){ref-type="ref"} The electrolyte compositions, which are widely investigated for inorganic electrode materials, are empirically selected as a starting point on the way to the further development of organic electrode materials. They include organic solvents that can assure a high operating voltage; ionic liquids (ILs) that are potentially nonflammable and often characterized by high electrochemical stability; polymers towards all‐solid‐state batteries, while allowing the use of size‐exclusion membranes in RFBs; as well as aqueous systems that are cheap, safe, and may have high power densities due to the high ionic conductivity. Meanwhile, drawbacks for choosing these electrolytes also need to be considered, such as the generally limited operating voltage (\<1.5 V) of water‐based electrolytes,[32](#cssc201903382-bib-0032){ref-type="ref"} high flammability and often toxicity of organic solvents, and high viscosity and poor transport properties of ILs.[33](#cssc201903382-bib-0033){ref-type="ref"}, [34](#cssc201903382-bib-0034){ref-type="ref"} The same applies for the RFB electrolytes.[24](#cssc201903382-bib-0024){ref-type="ref"}, [26](#cssc201903382-bib-0026){ref-type="ref"}, [27](#cssc201903382-bib-0027){ref-type="ref"}, [35](#cssc201903382-bib-0035){ref-type="ref"} Depending on the polarity, functional groups, and costs for the synthesis of organic active materials, different solvents and conducting ions with good chemical compatibility need to be selected.

Herein, based on the different working principles and characteristics of organic redox solid electrodes and organic redox fluids, we focus on the discussion and comparison of the electrolyte formulation, particularly with respect to important parameters, such as safety,[31](#cssc201903382-bib-0031){ref-type="ref"} output voltage, cycling stability, and rate performance, in two distinct classes of rechargeable batteries: LIBs and RFBs. We provide an overview of the current status and perspectives for future optimization. Typical electrolyte components, including different solvents (organic solvents and water), ionic salts, and polymers, and the related challenges and opportunities for designing high‐performance batteries are discussed.

2. Electrolytes for Redox Organic Electrodes {#cssc201903382-sec-0002}
============================================

The requirements for an ideal electrolyte for organic electrode materials are, to a certain extent, the same as those for inorganic materials. It must have a high ionic conductivity for sufficiently fast (dis)charge of the cell, be (electro)chemically inert towards all other cell components, provide high safety, low toxicity, low cost, and be accompanied by a wide electrochemical stability window (ESW).[31](#cssc201903382-bib-0031){ref-type="ref"}, [36](#cssc201903382-bib-0036){ref-type="ref"}, [37](#cssc201903382-bib-0037){ref-type="ref"}, [38](#cssc201903382-bib-0038){ref-type="ref"} There are, however, some differences. First, an ESW of about 3.5 to 4.0 V is commonly sufficient, since most positive electrode materials are electrochemically active at about 3.0 V.[39](#cssc201903382-bib-0039){ref-type="ref"}, [40](#cssc201903382-bib-0040){ref-type="ref"}, [41](#cssc201903382-bib-0041){ref-type="ref"} Second, the charge‐carrier diffusion in the active‐material particles is sometimes limited and requires electrolytes that can easily access highly porous electrode architectures, especially if the focus is on high‐power applications. Third, in the case of organic radical battery materials, the conducting salt is actively involved in the (dis)charge process. The cost penalty should be considered if a high concentration of salt is applied. With this in mind, we discuss different electrolyte systems, from conventional organic‐solvent‐based electrolytes to ionic‐liquid‐ and polymer‐based electrolytes, and finally, the latest progress in highly concentrated and environmentally friendly water‐based electrolyte systems is highlighted.

2.1. Conventional organic‐solvent‐based electrolytes {#cssc201903382-sec-0003}
----------------------------------------------------

Liquid organic‐solvent‐based electrolytes are the most investigated electrolyte systems used in combination with organic active battery materials.[42](#cssc201903382-bib-0042){ref-type="ref"} These electrolytes consist of a conductive salt dissolved in a liquid organic solvent. To provide practical ion transport and sufficient charge compensation during the charge/discharge process, the salts and solvents utilized have to meet specific requirements. In general, the salt used should provide high ion mobility, and thus, high ionic conductivity, chemical inertness towards all cell components, and oxidative and reductive stability. In addition, it should completely dissociate in the solvent. Meanwhile, the solvent should have a high dielectric constant to dissolve the salt in a reasonable amount, a low viscosity, a broad ESW, and a wide operating temperature. All electrolyte components should be nontoxic and environmentally friendly.[36](#cssc201903382-bib-0036){ref-type="ref"}, [43](#cssc201903382-bib-0043){ref-type="ref"}

To date, the vast majority of studies that have addressed the topic of organic redox‐active materials have been performed in combination with LIB electrodes (with increasing activities for sodium‐ion batteries).[7](#cssc201903382-bib-0007){ref-type="ref"}, [8](#cssc201903382-bib-0008){ref-type="ref"}, [37](#cssc201903382-bib-0037){ref-type="ref"}, [42](#cssc201903382-bib-0042){ref-type="ref"}, [44](#cssc201903382-bib-0044){ref-type="ref"} As a consequence, a large number of proposed electrolytes for organic active materials are based on well‐characterized and optimized LIB solvents. These are mostly linear and cyclic carbonates, such as ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), propylene carbonate (PC), and especially ethylene carbonate (EC).[45](#cssc201903382-bib-0045){ref-type="ref"}, [46](#cssc201903382-bib-0046){ref-type="ref"} Because most of these carbonates cannot fulfill all properties required for LIB technology, such as low viscosity, high dielectric constant, and solid/electrolyte interphase (SEI)‐forming ability, mixtures of cyclic and linear carbonates are thus applied.[36](#cssc201903382-bib-0036){ref-type="ref"} Therefore, a mixture of EC (which provides a high dielectric constant, but suffers from high viscosity) and DMC (with low viscosity, but a lack of a sufficient dielectric constant) in a ratio of 1:1 is the state‐of‐the‐art solvent for LIBs, and therefore, for organic redox materials.[47](#cssc201903382-bib-0047){ref-type="ref"} However, these solvents suffer from safety problems because they are volatile and flammable.[42](#cssc201903382-bib-0042){ref-type="ref"}

Next, suitable conducting salts for organic redox‐active materials need to be selected. Because the applied LIB electrodes demand the presence of Li^+^ ions to store charge through the Li^+^ intercalation process, there is no possibility to use other cations. Accordingly, only lithium salts with versatile anions can be selected. In this regard, anions such as perchlorate (ClO~4~ ^−^), tetrafluoroborate (BF~4~ ^−^), hexafluoroarsenate (AsF~6~ ^−^), and bis(trifluoromethanesulfonyl)imide (TFSI^−^) were proposed.[36](#cssc201903382-bib-0036){ref-type="ref"}, [43](#cssc201903382-bib-0043){ref-type="ref"} However, by far the most utilized salt is LiPF~6~ because it displays an overall well‐balanced series of properties, for example, reasonable ion mobility, degree of dissociation, and SEI‐forming abilities.[36](#cssc201903382-bib-0036){ref-type="ref"}, [43](#cssc201903382-bib-0043){ref-type="ref"} Considering all of these points, 1 [m]{.smallcaps} LiPF~6~ in EC/DMC (1:1) is currently adopted as a conventional electrolyte for organic redox‐active materials, especially for the half‐cell performance evaluation of organic redox materials versus the lithium‐metal counter electrode.

The only possibility to overcome the limitations of LIB electrolytes for organic electrodes is to move to other battery concepts, for example, all‐organic systems. Because the charge compensation process for all‐organic batteries has no direct need for any specific metal ions during the charge/discharge process, a combination of various cations and anions can thus be used as conducting salts.[8](#cssc201903382-bib-0008){ref-type="ref"} Therefore, a larger variety of organic liquid electrolytes should be investigated for these metal‐free battery systems.

2.2. Ionic‐liquid‐based electrolytes {#cssc201903382-sec-0004}
------------------------------------

ILs have attracted extensive interest as the electrolyte component for LIBs and lithium‐metal batteries, owing to their commonly negligible vapor pressure, low flammability, high ionic conductivity, and electrochemical stability.[31](#cssc201903382-bib-0031){ref-type="ref"}, [48](#cssc201903382-bib-0048){ref-type="ref"}, [49](#cssc201903382-bib-0049){ref-type="ref"}, [50](#cssc201903382-bib-0050){ref-type="ref"}, [51](#cssc201903382-bib-0051){ref-type="ref"}, [52](#cssc201903382-bib-0052){ref-type="ref"} They have also been investigated for batteries based on organic active materials, exhibiting promising properties. In this section, we briefly review the great versatility of ionic‐liquid‐based electrolytes and their unique roles to suppress the dissolution of organic electrode materials and to enable cycling at high temperatures.

Gurkan et al. used 1‐methyl‐1‐propylpyrrolidinium bis(fluorosulfonyl)imide (PY~13~FSI) and NaFSI as the electrolyte for 2,5‐disodium‐1,4‐benzoquinone.[53](#cssc201903382-bib-0053){ref-type="ref"} The organic redox‐active material was immobilized on high‐surface‐area ordered mesoporous carbon. Compared with standard organic carbonate based electrolytes, substantially improved electrochemical performance, in terms of reversible capacity and cycling stability, were observed for ionic‐liquid‐based electrolytes. From 22 to 60 °C, the capacity increased from about 150 to 300 mAh g^−1^ for ionic‐liquid‐based electrolytes. Moreover, at 60 °C, steady capacity over 300 cycles has been observed. In contrast, at 60 °C, the cell with organic carbonate based electrolytes showed rapid capacity fading during the first 50 cycles due to their poor thermal stability.

As weak polar organic molecules, quinone‐based materials often suffer from poor cyclability due to quinone dissolution in aprotic electrolyte (Figure [2](#cssc201903382-fig-0002){ref-type="fig"}). By using PY~13~TFSI and NaTFSI as electrolyte, Wang et al. reported superior capacity retention of calix\[4\]quinone (C4Q) and 5,7,12,14‐pentacenetetrone.[54](#cssc201903382-bib-0054){ref-type="ref"} The inhibited dissolution of these quinones has been correlated to the weaker polarity, lower electron‐donor ability, and lower interaction energy of the ILs. As a result, C4Q showed a capacity retention of 99.7 % after 300 cycles at a rate of 0.29 C versus a metallic sodium anode. Moreover, TFSI^−^, with a lower donor number, can better suppress the dissolution of quinones, compared with FSI^−^ anions.

![Suppressed solubility of quinones in ionic‐liquid‐based electrolytes as a result of the reduced interaction between the IL and active material. Reproduced from Ref. [54](#cssc201903382-bib-0054){ref-type="ref"} with permission. Copyright 2019, Elsevier.](CSSC-13-2205-g006){#cssc201903382-fig-0002}

Different from the common approach of employing ILs as a "solvent" for the conducting salt, Karlsson et al. reported the use of nonstoichiometric protic ILs as electrolytes for completely metal‐free all‐organic proton batteries.[55](#cssc201903382-bib-0055){ref-type="ref"} In this case, molecules such as 1,2,4‐triazole or 1‐methyl‐1,2,4‐triazole act as a proton acceptor and their protonated derivatives, which are counterbalanced by the TFSI^−^ anion, serve as a proton donor. In other words, the IL acts as a "vehicle" for the proton that is reversibly shuttled between the organic active material, quinone‐functionalized poly(3,4‐ethylenedioxythiophene) (PEDOT), as schematically illustrated in Figure [3](#cssc201903382-fig-0003){ref-type="fig"}. In addition, the ionic conductivity of such electrolytes is rather high (ca. 1.2 S cm^−1^) at elevated temperatures, which allows for an excellent rate capability of the organic proton battery. However, the cycling stability remains to be improved, with a capacity retention of only 60 % after 100 cycles.

![Schematic illustration of the working principle of protic ionic‐liquid‐based electrolytes in all‐organic proton batteries. Reproduced from Ref. [55](#cssc201903382-bib-0055){ref-type="ref"} with permission. Copyright 2018, American Chemical Society.](CSSC-13-2205-g007){#cssc201903382-fig-0003}

Another approach of employing ILs for metal‐free organic batteries has been recently reported by Qin et al.[56](#cssc201903382-bib-0056){ref-type="ref"} The combination of an n‐type organic anode and a p‐type organic cathode allows for the use of pure ILs as an "electrolyte," without any conducting salt. In this configuration, the ionic‐liquid anion (TFSI^−^) and cation (1‐ethyl‐3‐methylimidazolium, EMIm^+^) are actively involved in the charge‐storage mechanism and induce the reversible reduction and oxidation of the n‐ and p‐type organic active materials, respectively (Figure [4](#cssc201903382-fig-0004){ref-type="fig"}). Accordingly, such a device might be considered a hybrid between a supercapacitor[57](#cssc201903382-bib-0057){ref-type="ref"}, [58](#cssc201903382-bib-0058){ref-type="ref"}, [59](#cssc201903382-bib-0059){ref-type="ref"} and a dual‐ion battery,[60](#cssc201903382-bib-0060){ref-type="ref"} for which the amount of electrolyte used plays a decisive role in the achievable energy density. Interestingly, the essentially pseudocapacitive charge‐storage mechanism allows for an excellent rate capability of up to 200 C and highly stable long‐term cycling of the full cell (polyimide anode versus polytriphenylamine cathode) for 5000 cycles with a capacity retention of 75 % (Figure [4](#cssc201903382-fig-0004){ref-type="fig"}). The potential application of ILs in such batteries might trigger additional fundamental studies on the electrochemistry of organic molecules and polymers in ILs.[61](#cssc201903382-bib-0061){ref-type="ref"}

![Schematic illustration of the general working principle of all‐organic batteries based on n‐type negative electrodes and p‐type positive electrodes, with pure ILs as the electrolyte (e.g., \[EMIm\]\[TFSI\]). The corresponding voltage profiles, some potential advantages, and the long‐term cycling stability of a full cell at a rate of 20 C are also provided. Reproduced from Ref. [56](#cssc201903382-bib-0056){ref-type="ref"} with permission. Copyright 2019, Elsevier.](CSSC-13-2205-g008){#cssc201903382-fig-0004}

2.3. Polymer electrolytes {#cssc201903382-sec-0005}
-------------------------

It is a straightforward approach to use polymer‐based electrolytes for addressing the dissolution issue of organic active materials and for suppressing flammability.[31](#cssc201903382-bib-0031){ref-type="ref"} Initially, gel‐type polymer electrolytes were studied, in which a polymer matrix (e.g., poly(vinylidene fluoride‐*co*‐hexafluoropropylene), PVdF‐HFP) served as a physical host for a standard liquid organic electrolyte, such as LiPF~6~, in mixtures of organic carbonates.[62](#cssc201903382-bib-0062){ref-type="ref"} Later, PVdF‐HFP copolymer was replaced by a mixture of poly(methacrylate) (PMA) and poly(ethylene glycol) (PEG) to offer satisfactory ionic conductivity (ca. 1 mS cm^−1^ at room temperature), because PEG was able to absorb large amounts of liquid electrolyte (0.7 [m]{.smallcaps} LiClO~4~ in DMSO).[63](#cssc201903382-bib-0063){ref-type="ref"} Nevertheless, such an approach does not truly address the solubility issue because there is still a substantial liquid fraction in the electrolyte. Accordingly, DMSO solvent was then replaced by SiO~2~ nanoparticles (7--10 nm) to realize all‐solid‐state batteries.[64](#cssc201903382-bib-0064){ref-type="ref"} The PMA/PEG‐LiClO~4~‐SiO~2~ (3 wt %) composite showed an optimum ionic conductivity of 0.26 mS cm^−1^ at room temperature. By using a pillar\[5\]quinone (C~35~H~20~O~10~, P5Q) cathode, a cell voltage of 2.6 V versus a lithium anode and a high initial capacity of 418 mAh g^−1^ were achieved. The resulting P5Q/Li cell showed good capacity retention of 94.7 % after 50 cycles at a rate of 0.2 C.

Poizot et al. simplified the cell design by using self‐standing polymer cathodes, which comprised of an organic active material, tetramethoxy‐*p*‐benzoquinone (TMQ), conductive carbon, and poly(ethylene oxide) (PEO); LiTFSI; a lithium‐metal anode; and a solid electrolyte interlayer of PEO/LiTFSI (Figure [5](#cssc201903382-fig-0005){ref-type="fig"})[65](#cssc201903382-bib-0065){ref-type="ref"} Remarkably, this cell design allows for a reversible capacity of about 215 mAh g^−1^ at 100 °C, which is close to the theoretical capacity of TMQ (235 mAh g^−1^) and about twice as high as the maximum capacity with a liquid carbonate based electrolyte at 20 °C. In addition, the cycling stability was far superior to that of the reference cell comprising a carbonate‐based electrolyte, even though dissolution of the active material could not be fully suppressed, as indicated by the change in color of the PEO/LiTFSI‐based polymer membrane.

![Schematic illustration of the organic lithium polymer battery. Reproduced from Ref. [65](#cssc201903382-bib-0065){ref-type="ref"} with permission. Copyright 2015, Elsevier.](CSSC-13-2205-g009){#cssc201903382-fig-0005}

A comparable improvement in cycling stability has been reported by Li et al. for an anthraquinone‐based cathode versus a lithium metal anode with a PEO/LiTFSI‐based electrolyte, containing γ‐LiAlO~2~ as a ceramic filler and plasticizer.[66](#cssc201903382-bib-0066){ref-type="ref"} The ceramic filler helps to obtain a higher capacity at an elevated temperature of 65 °C. However, it cannot fully prevent dissolution of the active material. Better cycling stability was obtained by using nanosized Li~0.3~La~0.566~TiO~3~ (LLTO) instead of γ‐LiAlO~2~, with a polymerized quinone derivative as an organic active material.[67](#cssc201903382-bib-0067){ref-type="ref"} It was found that the eventual LLTO content had a relatively minor effect on the ionic conductivity. These cells allowed for a remarkable capacity retention of about 90 % after 300 cycles. These results suggest effective strategies to overcome the solubility issue of organic active materials.

Fei et al. studied poly(propylene carbonate)‐ and KFSI‐based electrolytes, supported by nonwoven cellulose for organic potassium‐metal batteries.[68](#cssc201903382-bib-0068){ref-type="ref"} Despite a rather low ionic conductivity of about 1.4×10^−2^ mS cm^−1^, the resulting cells, incorporating 3,4,9,10‐perylenetetracarboxylic dianhydride (PTCDA) as a cathode, provided a specific capacity of 118 mAh g^−1^ at a low current density of 10 mA g^−1^. Remarkably, enhanced cycling stability was observed (Figure [6](#cssc201903382-fig-0006){ref-type="fig"}), compared with a standard carbonate‐based liquid electrolyte.

![Cycling stability of a PTCDA/K cell at 20 mA g^−1^ with a poly(propylene carbonate)‐ and KFSI‐based electrolyte (black), in comparison with a cell comprising KFSI in a 1:1 EC/DEC (red). Inset: the dissolution of PTCDA in the carbonate‐based electrolyte. Reproduced from Ref. [68](#cssc201903382-bib-0068){ref-type="ref"} with permission. Copyright 2018, Elsevier.](CSSC-13-2205-g010){#cssc201903382-fig-0006}

Studies on polymer‐based electrolytes for organic active material based batteries are still rare, but are promising strategies to overcome the solubility issue of organic active materials, especially for small molecules. Further improvement is still needed.

2.4. Recent progress in the use of concentrated electrolytes {#cssc201903382-sec-0006}
------------------------------------------------------------

The dissolution of organic active materials into the organic‐solvent‐based electrolyte of the battery system is a well‐known drawback and leads to reduced cycle life, especially if small molecules, such as carbonyls, are exploited as energy‐storage materials.[47](#cssc201903382-bib-0047){ref-type="ref"}, [69](#cssc201903382-bib-0069){ref-type="ref"} Several approaches to reduce this dissolution have been proposed, such as cross‐linking,[70](#cssc201903382-bib-0070){ref-type="ref"} attachment of side groups that change the polarity of the active materials,[47](#cssc201903382-bib-0047){ref-type="ref"} and polymerization.[71](#cssc201903382-bib-0071){ref-type="ref"} However, these attempts lead to an increase in the molar mass of the active materials used, and therefore, a decrease in the gravimetric capacity. Another approach is to use concentrated electrolytes, which bear high concentrations of conducting salts (\>1 [m]{.smallcaps}); these have several advantages.[47](#cssc201903382-bib-0047){ref-type="ref"}, [72](#cssc201903382-bib-0072){ref-type="ref"} 1) The increased salt concentration in the electrolyte could suppress the ability of the solvent used to dissolve organic active materials of the electrodes. 2) The increase in salt concentration increases the viscosity of the electrolyte, which also kinetically reduces the dissolution rate of active materials. 3) Solvent‐deficient electrolytes can reduce the undesired oxidation of solvents and side reactions, enhance the thermal stability, and suppress the flammability (flash point) of organic solvents.

In this regard, Chen et al. investigated the beneficial effect of highly concentrated electrolytes on an anthraquinone organic active material.[73](#cssc201903382-bib-0073){ref-type="ref"} In previous studies, it was shown that ether‐based solvents could dissolve large amounts of conductive salts and suppress the dissolution of active material in sulfur‐based batteries.[74](#cssc201903382-bib-0074){ref-type="ref"} In their work, Chen et al. proved the same concept for a 9,10‐anthraquinone cathode material in a sodium battery, for which they used sodium trifluoromethane sulfonate (NaTFS) salt with concentrations up to 4 [m]{.smallcaps} in triethylene glycol dimethyl ether (TEGDME), which displayed a viscosity of 97 mPa s and a conductivity of 0.79 mS cm^−1^ at 25 °C.[73](#cssc201903382-bib-0073){ref-type="ref"} In this specific system, the highly concentrated 4 [m]{.smallcaps} electrolyte displayed a better cycling performance than that of the others, with a high coulombic efficiency near 100 % (instead of ≈88 % in 1 [m]{.smallcaps} solution), the highest initial specific capacity of 208 mAh g^−1^ at 0.2 C (compared to only about 160 mAh g^−1^ in 1 [m]{.smallcaps} electrolyte) and a better capacity retention of 88 % after 50 cycles (compared with about 50 % for the 1 [m]{.smallcaps} electrolyte; Figure [7](#cssc201903382-fig-0007){ref-type="fig"}).

![a) Cycling stability and b) coulombic efficiency of 9,10‐anthraquinone in 1, 2, 3, and 4 [m]{.smallcaps} NaTFS in TEGDME. Reproduced from Ref. [73](#cssc201903382-bib-0073){ref-type="ref"} with permission. Copyright 2015, Wiley.](CSSC-13-2205-g011){#cssc201903382-fig-0007}

Another example of improved cycling stability in highly concentrated systems is the use of tannic acid (TA) as an organic anode material for LIBs.[75](#cssc201903382-bib-0075){ref-type="ref"} In typical LIB electrolytes (e.g., 1 [m]{.smallcaps} LiPF~6~ in EC/DEC), TA dissolves rather fast, and thus, limits the cycle life of the electrochemical cell. To overcome this limitation, high concentrations of LiTFSI salt (1, 3, and 5 [m]{.smallcaps}) in the same solvent, EC/DEC, can be used.[75](#cssc201903382-bib-0075){ref-type="ref"} Although large amounts of salt in this system reduce the initial specific capacity, a very stable cycling capacity of 110 mAh g^−1^ over 250 cycles is achieved in the 5 [m]{.smallcaps} electrolyte. In the meantime, TA loses 45 % of its initial capacity in 1 [m]{.smallcaps} LiTFSI and 75 % in 1 [m]{.smallcaps} LiPF~6~ (the capacity decays to below 50 mAh g^−1^ after 100 cycles).

The loss in cycle life is related to the very prominent self discharge of organic active materials. This phenomenon is often caused by the dissolution of active redox material. One example for this is poly(2,2,6,6‐tetramethylpiperidinyl‐*N*‐oxymethacrylate) (PTMA), for which the self‐discharge process is caused by a shuttle effect of dissolved redox‐active moieties in the electrolyte.[76](#cssc201903382-bib-0076){ref-type="ref"} Recently, it has been shown that the increase in the concentration of 1‐butyl‐1‐methylpyrrolidinium tetrafluoroborate (Py~14~BF~4~) in PC (1, 2, and 3 [m]{.smallcaps}) retards the self‐discharge of PTMA (Figure [8](#cssc201903382-fig-0008){ref-type="fig"}),[77](#cssc201903382-bib-0077){ref-type="ref"} which can be explained by a decreased dissolution of organic redox groups in the concentrated electrolyte. This inhibits capacity loss during cycling, as well as self‐discharge, by the proposed shuttle effect. However, a reduced specific capacity was found for PTMA if it was used in highly concentrated systems. This is caused by a decrease in ion mobility and an inhibition of the wetting of the electrode surface.[78](#cssc201903382-bib-0078){ref-type="ref"}

![Voltage excursion of PTMA during 11 days of self‐discharge tests in 1, 2 and 3 [m]{.smallcaps} Py~14~BF~4~ in PC. 1 [m]{.smallcaps} loses all charge after 5 days, 2 [m]{.smallcaps} after 9 days, 3 [m]{.smallcaps} is able to deliver residual charge after 11 days of self‐discharge. Reproduced from Ref. [77](#cssc201903382-bib-0077){ref-type="ref"} with permission. Copyright 2019, Wiley.](CSSC-13-2205-g012){#cssc201903382-fig-0008}

The above‐discussed examples clearly emphasize the beneficial effect of highly concentrated systems, in terms of cycling stability and self‐discharge behavior. Nevertheless, in practical systems, a proper electrolyte concentration should be studied to provide reasonable cycling stability and accessible specific capacity.

2.5. Recent progress in the use of aqueous electrolytes {#cssc201903382-sec-0007}
-------------------------------------------------------

To overcome the limitations of traditional organic carbonate based LIBs, safe and environmentally friendly aqueous electrolytes have been widely investigated.[79](#cssc201903382-bib-0079){ref-type="ref"}, [80](#cssc201903382-bib-0080){ref-type="ref"}, [81](#cssc201903382-bib-0081){ref-type="ref"}, [82](#cssc201903382-bib-0082){ref-type="ref"} Dahn and Wainwright first reported aqueous LIBs in 1994 by using a 5 [m]{.smallcaps} aqueous solution of LiNO~3~, which showed a higher energy density than that of lead--acid batteries.[83](#cssc201903382-bib-0083){ref-type="ref"} The ionic conductivity of aqueous electrolytes is typically higher than that of organic‐solvent‐based electrolytes by two orders of magnitude, resulting in good rate and power performance.[84](#cssc201903382-bib-0084){ref-type="ref"}

Electrode materials with charge‐storage potentials within the ESW of aqueous electrolytes can be used,[85](#cssc201903382-bib-0085){ref-type="ref"} leading to a relatively low cell voltage. Organic electrodes, such as polytriphenylamine, have a high operating potential of 3.9 V versus Li^+^/Li,[86](#cssc201903382-bib-0086){ref-type="ref"} which is close to that for LiCoO~2~ and LiMn~2~O~4~, and is promising to maximize the cell voltage. However, in neutral aqueous electrolytes, parasitic O~2~ evolution reactions occur during continued charging due to the adsorption of H~2~O on the surface of the polytriphenylamine electrode.

To suppress the side reactions of water splitting, a previously reported "water‐in‐salt" electrolyte of 21 m (m=mol kg^−1^ ~water~) LiTFSI for inorganic intercalation materials[87](#cssc201903382-bib-0087){ref-type="ref"} has been adopted for an all‐organic battery.[86](#cssc201903382-bib-0086){ref-type="ref"} The water molecules are bound by the salt, and the electrochemical activity of water is substantially suppressed. Concentrated aqueous electrolytes were further developed to extend the ESW to 1.83--4.9 V versus Li^+^/Li by using a "water‐in‐bisalt" electrolyte,[88](#cssc201903382-bib-0088){ref-type="ref"} and to 1.25--5.05 V versus Li^+^/Li by using a Li(TFSI)~0.7~\[N(SO~2~C~2~F~5~)~2~\]~0.3~ **⋅**2 H~2~O hydrate‐melt electrolyte.[89](#cssc201903382-bib-0089){ref-type="ref"} At potentials below 1.2 V versus Li^+^/Li, a dramatic increase in the repulsion between the anode surface and the anions (TFSI^−^, trifluoromethane sulfonate (OTf^−^)), as revealed by molecular dynamics simulations, precludes the approach of anions on the anode surface, and consequently, prefers water adsorption.[90](#cssc201903382-bib-0090){ref-type="ref"}

Quinones, as sustainable electrode materials, often show unwanted dissolution in aprotic electrolytes, resulting in detrimental shuttle effects, fast capacity decay, and short service life.[91](#cssc201903382-bib-0091){ref-type="ref"} Compared with the strategies targeting modification of the electrode to stabilize the organic materials, or the introduction of specific separators to prevent such shuttling of the dissolved species,[14](#cssc201903382-bib-0014){ref-type="ref"} Yao and co‐workers demonstrated that aqueous electrolytes permitted the widespread applicability of quinone‐based anode materials, such as pyrene‐4,5,9,10‐tetraone and its polymerized version, versus industrially established cathodes, and thus, exhibited excellent aqueous cycling stability for up to 3000 cycles and very low water solubility (ca. 10^−6^  [m]{.smallcaps}).[28](#cssc201903382-bib-0028){ref-type="ref"}

3. Organic Materials as Redox Electrolytes for Flow Batteries {#cssc201903382-sec-0008}
=============================================================

Unlike organic solid electrodes, for RFBs, the organic species are dissolved in supporting electrolytes, including solvents and conducting ions. Accordingly, general solution properties, such as viscosity, ionic conductivity, and freezing and boiling points, as well as key performance‐determining properties, such as the solubility of active organic compounds, the ESW of liquid electrolytes, chemical stability, and electrochemical reversibility of the organic species, need to be considered for formulating the electrolytes.[26](#cssc201903382-bib-0026){ref-type="ref"} A high volumetric energy density of the RFBs requires a large redox potential gap of the active species in the anolyte and catholyte, high solubility, and preferably a multielectron‐transfer reaction for the active materials, whereas a good power performance requires fast diffusion of the organic redox species in the solvent and fast reaction kinetics at the electrode surface. In this section, we discuss the features and rational design of redox fluidic electrolytes that use organic materials as the active components. For a contradistinctive study, the supporting media are discussed in the same order as that presented in Section 2.

3.1. Organic solvents {#cssc201903382-sec-0009}
---------------------

RFBs utilizing organic‐solvent‐based electrolytes were first proposed by Matsuda et al. in 1988,[92](#cssc201903382-bib-0092){ref-type="ref"} containing a metal complex, tris(bipyridine)ruthenium(II) (\[Ru(bpy)~3~\]^2+^), in acetonitrile. A high open‐circuit voltage of 2.6 V has been observed. In 2011, Li et al. proposed a RFB by using all‐organic redox species, with 2,2,6,6‐tetramethylpiperidine 1‐oxyl (TEMPO) and *N*‐methylphthalimide in acetonitrile, and a NaClO~4~ salt.[93](#cssc201903382-bib-0093){ref-type="ref"} The flow cell tests showed a low coulombic efficiency of about 90 %. Next, a hybrid metal--organic RFB was developed with a lithium‐metal anode and an anthraquinone‐based active catholyte material, with LiPF~6~ in PC.[94](#cssc201903382-bib-0094){ref-type="ref"} This earlier work demonstrated high‐voltage RFBs (\>2 V) with organic active materials, which were enabled by using organic solvents. Later, low‐molecular‐weight organic materials were studied; these are more favorable in terms of costs and solubility.[95](#cssc201903382-bib-0095){ref-type="ref"}

However, many organic‐solvent‐based RFBs suffer from rather low operating current densities (\<10 mA cm^−2^). In addition, ion‐exchange membranes showed relatively poor conductivity in organic‐solvent‐based electrolytes, leading to a low power output.[96](#cssc201903382-bib-0096){ref-type="ref"} Microporous separators that can conduct charge carriers fast and avoid the crossover of active materials through a size‐exclusion effect are preferred in such cases, as discussed in Section 3.3.

Conducting salts containing tetraalkylammonium cations and BF~4~ ^−^, ClO~4~ ^−^, PF~6~ ^−^, and TFSI^−^ anions are often used in organic solvents.[97](#cssc201903382-bib-0097){ref-type="ref"} Apart from their role as charge carriers, it was also found that they might interfere with electrochemical reactions and the chemical stability of organic active species.[96](#cssc201903382-bib-0096){ref-type="ref"} Furthermore, a compatibility issue between the organic radicals and organic solvents was also found.

The solubility of many organic redox materials in organic solvents is often limited, which is insufficient for use as electrolytes for RFBs. For instance, 2,5‐di‐*tert*‐butyl‐1,4‐bis(2‐methoxyethoxy)benzene (DBBB),[98](#cssc201903382-bib-0098){ref-type="ref"} which is known as a redox shuttle molecule for overcharging protection in LIBs,[99](#cssc201903382-bib-0099){ref-type="ref"}, [100](#cssc201903382-bib-0100){ref-type="ref"} shows a solubility of about 0.4 [m]{.smallcaps} in carbonates.[101](#cssc201903382-bib-0101){ref-type="ref"} PEO chains of different lengths have been incorporated into the DBBB motif, which results in liquid organic redox‐active materials at room temperature.[101](#cssc201903382-bib-0101){ref-type="ref"} Such liquid redox materials can work as cosolvents for the conducting salts. Additional organic solvent, such as acetonitrile has been used to reduce the overall viscosity,[102](#cssc201903382-bib-0102){ref-type="ref"} by sacrificing the volumetric capacity of the electrolytes. However, practical demonstrations of flow cell performance are only at very low current densities.[103](#cssc201903382-bib-0103){ref-type="ref"} In addition, the pressure drop and pumping losses need to be considered for viscous electrolytes.

3.2. Ionic liquids (ILs) {#cssc201903382-sec-0010}
------------------------

The use of ILs in flow battery electrolytes arises from the assumption that high energy density can be realized because of the possibility of elevating the cell voltage far beyond that of aqueous electrolytes.[35](#cssc201903382-bib-0035){ref-type="ref"} In addition, ILs may provide broad temperature adaptability due to their high thermal stability, low volatility, and often nonflammability. ILs have been used as active components,[104](#cssc201903382-bib-0104){ref-type="ref"}, [105](#cssc201903382-bib-0105){ref-type="ref"}, [106](#cssc201903382-bib-0106){ref-type="ref"} reaction media,[107](#cssc201903382-bib-0107){ref-type="ref"}, [108](#cssc201903382-bib-0108){ref-type="ref"} additives,[109](#cssc201903382-bib-0109){ref-type="ref"}, [110](#cssc201903382-bib-0110){ref-type="ref"} and redox mediators[111](#cssc201903382-bib-0111){ref-type="ref"} for redox‐active species. If the redox species are part of the anion or cation of the ILs, a high effective concentration can be obtained for energy‐rich electrolytes. For instance, TEMPO and anthraquinone derivatives as redox‐active counteranions have been incorporated into poly(IL)s for RFBs.[112](#cssc201903382-bib-0112){ref-type="ref"}

Different from aqueous electrolytes, different reaction mechanisms, solubility, and reaction kinetics[113](#cssc201903382-bib-0113){ref-type="ref"} of redox species can be obtained in ILs. Side reactions related to water molecules, such as hydrolysis and hydroxylation reactions, can be avoided. The formation of complexes,[107](#cssc201903382-bib-0107){ref-type="ref"} a change in the coordination environment, and enhanced intermolecular interactions between the redox species and constituent ions of the ILs in electrolytes may be responsible for the distinct physio‐ and electrochemical properties. Depending on the absence/presence of a proton donor/acceptor in \[BMIm\]\[BF~4~\] and \[BMIm\]\[PF~6~\] (BMIm=1‐butyl‐3‐methylimidazolium), benzoquinone and hydroquinone showed different electron‐transfer mechanisms, with or without the involvement of (de)protonation.[114](#cssc201903382-bib-0114){ref-type="ref"} This character is important in the case of the chemical instability of organic materials, which are associated with water attack. *para*‐Benzoquinone, which is insoluble in water, exhibits a significant solubility of 0.4 [m]{.smallcaps} and reversible electrochemical redox reaction in \[Py~14~\]\[TFSI\].[115](#cssc201903382-bib-0115){ref-type="ref"} An all‐organic flow battery containing benzophenone and 1,4‐di‐*tert*‐butyl‐2,5‐dimethoxybenzene in acetonitrile (0.01 [m]{.smallcaps} active species) with \[TEA\]\[TFSI\] (TEA=tetraethylammonium) as the supporting salt was tested by using a microporous separator.[116](#cssc201903382-bib-0116){ref-type="ref"} Despite a high open‐cell voltage of 2.95 V, the cell showed a low energy efficiency of only 44 % at 1 mA cm^−2^. In addition, continuous capacity fading was observed over 50 charge/discharge cycles.

Metal complexes with organic ligands are promising for improving the energy density by utilizing multielectron reactions.[107](#cssc201903382-bib-0107){ref-type="ref"}, [117](#cssc201903382-bib-0117){ref-type="ref"}, [118](#cssc201903382-bib-0118){ref-type="ref"} However, insufficient solubility (typically \<0.1 [m]{.smallcaps}) of these organometallic compounds in ILs and poor electrochemical reversibility restrict their applications. In addition, ILs as supporting electrolytes with a large complex cation and anion may cause difficulties in the selection of ion‐exchange membranes to quickly conduct charge carriers, which is often a limiting factor towards a high operating current density. Other issues, such as high viscosity (\>100 mPa s) and poor ionic conductivity (\<1 mS cm^−1^) of typical room‐temperature ILs, further hinder the utilization of ILs for flow systems, making them unattractive.

In addition to traditional ILs as supporting electrolytes, "solvate ILs,"[119](#cssc201903382-bib-0119){ref-type="ref"} consisting of complex ions (i.e., solvates, \[Li‐4‐methoxy‐TEMPO\]^+^) and their counterions (TFSI^−^) in a molten state (Figure [9](#cssc201903382-fig-0009){ref-type="fig"} a), have been explored as a highly concentrated catholyte for a hybrid RFB.[102](#cssc201903382-bib-0102){ref-type="ref"} It was considered that an ordered ionic structure formed with contacted ion pairs due to strong interactions between the Li^+^ ions and the N−O^.^ sites of the organic radicals. A lithium‐ion‐conducting ceramic separator was used for the assembly of a hybrid flow cell with a lithium‐metal anode. Certain amounts of water (17 wt %) were added to the organic radical catholyte to reduce the viscosity. The proof‐of‐concept was demonstrated under static conditions at current densities below 1 mA cm^−2^ (Figure [9](#cssc201903382-fig-0009){ref-type="fig"} b) and under flow conditions with capacity control (Figure [9](#cssc201903382-fig-0009){ref-type="fig"} c).

![a) The formation of a liquid mixture of 4‐methoxy‐TEMPO and LiTFSI (MTLT; 1:1) at room temperature. b) Voltage profiles and cycling stability of a static cell with a catholyte consisting of MTLT+17 wt % H~2~O versus a Li anode. c) The corresponding flow cell setup and charge/discharge behavior. Reproduced from Ref. [102](#cssc201903382-bib-0102){ref-type="ref"} with permission. Copyright 2015, Wiley.](CSSC-13-2205-g013){#cssc201903382-fig-0009}

Recently, the concept of "water‐in‐ILs" by using hydrophilic ILs and a small halide anion (such as imidazolium chloride and ammonium chloride) makes it possible for the effective use of ILs for RFBs.[113](#cssc201903382-bib-0113){ref-type="ref"}, [120](#cssc201903382-bib-0120){ref-type="ref"} A good flowability (viscosity \<10 mPa s) and high ionic conductivity (\>10 mS cm^−1^) have been obtained, which are superior to those of common organic solvents and room‐temperature ILs. Meanwhile, a broad ESW (ca. 3 V; Figure [10](#cssc201903382-fig-0010){ref-type="fig"} a) for water‐in‐ILs has been observed, which is suitable for most reported organic redox couples.[26](#cssc201903382-bib-0026){ref-type="ref"} It was found that such supporting electrolytes allowed access to the low negative redox potentials (−0.2 to −1.6 V vs. Ag) of metal phthalocyanines in aqueous media. Thus, the selection space of redox‐active molecules in aqueous electrolytes can be largely extended without the involvement of the hydrogen evolution reaction. Additionally, as supporting electrolytes, the mixture of water and ILs can extend the temperature stability window. An aqueous flow cell operating at −32 °C has been demonstrated by using metal phthalocyanine and iron redox pairs (Figure [10](#cssc201903382-fig-0010){ref-type="fig"} b).[121](#cssc201903382-bib-0121){ref-type="ref"} Importantly, the solubility limit of organic molecules can be extended in the proposed supporting electrolyte, such as 6 [m]{.smallcaps} 2‐methoxyhydroquinone in 10 [m]{.smallcaps} \[BMIm\]Cl/H~2~O, in contrast to 1.8 [m]{.smallcaps} in pure water,[122](#cssc201903382-bib-0122){ref-type="ref"} and 4.3 [m]{.smallcaps} 4‐hydroxy‐TEMPO in 3 [m]{.smallcaps} \[BMIm\]Cl/H~2~O, compared with 2.1 [m]{.smallcaps} in pure water,[123](#cssc201903382-bib-0123){ref-type="ref"} arising from enhanced molecular interactions between the BMIm^+^ cations and organic molecules.

![a) ESW as a function of the temperature of 10 [m]{.smallcaps} \[BMIm\]Cl/H~2~O supporting electrolyte. b) Redox flow cell tests at −32 and −20 °C by using Ni phthalocyanine anolyte and FeCl~2~ catholyte. CE=coulombic efficiency, VE=voltage efficiency, EE=energy efficiency. Reproduced from Ref. [121](#cssc201903382-bib-0121){ref-type="ref"} with permission. Copyright 2019, American Chemical Society.](CSSC-13-2205-g014){#cssc201903382-fig-0010}

By utilizing the different solubilities of organic molecules in water and in hydrophobic ILs (Figure [11](#cssc201903382-fig-0011){ref-type="fig"} a), a liquid--liquid biphasic electrolyte system without the use of a membrane has been designed (Figure [11](#cssc201903382-fig-0011){ref-type="fig"} b,c).[124](#cssc201903382-bib-0124){ref-type="ref"} The thermodynamic equilibrium of the two phases is governed by the partition coefficients. Flow cell tests were performed with a low concentration of quinones (\<0.1 [m]{.smallcaps}) and a low current density (\<0.5 mA cm^−2^). Slope charge/discharge curves were observed with a high coulombic efficiency, similar to those of membrane‐based systems. The overall cell performance is limited from the anolyte side containing IL with high viscosity (83 mPa s) and low ionic conductivity (2.2 mS cm^−1^). Self‐discharge due to the contact of redox pairs at the liquid/liquid interface and cross‐mixing of active species through the interface are issues that remain to be solved in the future.

![a) A membrane‐free concept of using immiscible redox electrolytes. b) Flow cell with a horizontal design. c) Cyclic voltammetry curves of the nonaqueous anolyte (parabenzoquinone in \[Py~14~\]\[TFSI\]) and aqueous catholyte (hydroquinone in aqueous HCl). Reproduced from Ref. [124](#cssc201903382-bib-0124){ref-type="ref"} with permission. Copyright 2017, Wiley.](CSSC-13-2205-g015){#cssc201903382-fig-0011}

3.3. Redox‐active polymers {#cssc201903382-sec-0011}
--------------------------

Unlike the batteries discussed in Section 2 with solid electrode materials and porous separators, RFBs with liquid redox electrolytes require high‐performance membranes to avoid solution mixing. It is one of the key factors for the successful operation of RFBs. However, to date, commercially available membranes for RFBs are rather limited.[125](#cssc201903382-bib-0125){ref-type="ref"} Unwanted high permeability of active species through the membranes will eventually lead to failure during long‐term cycling. Additionally, the compatibility issue between ion‐exchange membranes and redox electrolytes must be considered. To tackle these issues, new design strategies for materials have been developed.

Compared with small organic molecules for RFBs, the use of redox‐active polymers, with redox pendants, such as TEMPO,[126](#cssc201903382-bib-0126){ref-type="ref"} dimethoxybenzene, viologen, and cyclopropenium ions,[127](#cssc201903382-bib-0127){ref-type="ref"} has advantages, such as 1) possible replacement of expensive and poorly performing ion‐exchange membranes with low‐cost, porous, size‐exclusion membranes;[128](#cssc201903382-bib-0128){ref-type="ref"} and 2) effective inhibition of the migration of redox species between electrode compartments during battery cycling. The development of a new generation of size‐exclusion RFBs is promising in terms of costs and reliability. Charge transport may occur through electron hopping between neighboring redox units of the pendent groups, through the polymer backbones, or by using small redox shuttle molecules.[129](#cssc201903382-bib-0129){ref-type="ref"} Such long‐distance intraparticle charge transfer requires high charge mobility. Furthermore, it was found that the electroactivity and reversibility depended on the length of the tether groups.[127](#cssc201903382-bib-0127){ref-type="ref"} Low‐cost (less than \$200 per ton) and environmentally friendly biopolymers of lignin derivatives, bearing phenol groups, have recently been proposed as flow battery electrolytes,[130](#cssc201903382-bib-0130){ref-type="ref"} which is rather attractive towards inexpensive, large‐scale energy storage.

Nevertheless, some implementation challenges remain for the utilization of redox‐active polymers. A high viscosity of 50 mPa s at 25 °C was observed at a concentration of only 0.1 [m]{.smallcaps} for lignosulfonate in perchloric acid.[130](#cssc201903382-bib-0130){ref-type="ref"} Polymer solutions with a concentration of up to 1 [m]{.smallcaps} showed a reduced diffusion coefficient, and hence, reduced current at an electrode.[131](#cssc201903382-bib-0131){ref-type="ref"} Additionally, charge trapping[132](#cssc201903382-bib-0132){ref-type="ref"} and adsorption of polymer species onto the electrodes can impede effective operation and even clog the flow channels of flow batteries.[133](#cssc201903382-bib-0133){ref-type="ref"}, [134](#cssc201903382-bib-0134){ref-type="ref"}

As opposed to redox polymers, redox‐active oligomers with tunable molecular dimensions, paired with microporous polymer membranes with pore sizes smaller than that of the hydrodynamic radii of the redox oligomers, have been reported to facilitate charge and mass transfer.[133](#cssc201903382-bib-0133){ref-type="ref"}, [135](#cssc201903382-bib-0135){ref-type="ref"} Chemical cross‐linking can be used to restrict pore swelling and to control the pore size of the polymer separators. By using membranes composed of polymers with intrinsic microporosity (PIMs), crossover‐free flow batteries may be realized.[133](#cssc201903382-bib-0133){ref-type="ref"}, [136](#cssc201903382-bib-0136){ref-type="ref"}

In addition, the use of cross‐linked and dispersible polymer colloids[137](#cssc201903382-bib-0137){ref-type="ref"} and particulate slurry electrolytes,[138](#cssc201903382-bib-0138){ref-type="ref"} instead of soluble organic polymers,[131](#cssc201903382-bib-0131){ref-type="ref"}, [139](#cssc201903382-bib-0139){ref-type="ref"} may reduce the viscosity due to weak interactions between particulates and solvent molecules, and break the solubility limit of active materials. Despite the novelty and merits discussed above, the successful operation of these all‐polymer RFBs remains challenging.[140](#cssc201903382-bib-0140){ref-type="ref"}

3.4. Aqueous systems {#cssc201903382-sec-0012}
--------------------

Early studies on aqueous RFBs with hybrid organic and inorganic active materials were reported in 2009.[141](#cssc201903382-bib-0141){ref-type="ref"} Later, Aziz et al. demonstrated a high‐performance, metal‐free organic/inorganic RFB in acidic aqueous electrolyte.[142](#cssc201903382-bib-0142){ref-type="ref"} 9,10‐Anthraquinone‐2,7‐disulfonic acid and Br~2~/Br^−^ as redox pairs showed a high peak power density of 0.6 W cm^−2^ at 1.3 A cm^−2^, owing to a rapid electron‐transfer reaction of the redox species[142](#cssc201903382-bib-0142){ref-type="ref"} and a high conductivity of the electrolyte and membrane.[143](#cssc201903382-bib-0143){ref-type="ref"} Quinones are known redox species. Narayanan et al. studied an aqueous RFB with all‐quinone‐based active materials for the anolyte and catholyte.[144](#cssc201903382-bib-0144){ref-type="ref"} Anthraquinones, which can be exploited from waste products of the pulp industry, are promising for largely reducing the costs of materials compared with the state‐of‐the‐art vanadium electrolyte.[142](#cssc201903382-bib-0142){ref-type="ref"}, [144](#cssc201903382-bib-0144){ref-type="ref"}, [145](#cssc201903382-bib-0145){ref-type="ref"}, [146](#cssc201903382-bib-0146){ref-type="ref"}

To replace toxic bromine,[142](#cssc201903382-bib-0142){ref-type="ref"} Aziz et al. reported a nontoxic ferrocyanide paired with anthraquinone derivatives in less corrosive alkali electrolyte.[147](#cssc201903382-bib-0147){ref-type="ref"} This led to a decrease in the crossover rate of active materials, costs, and corrosion issues. The cell voltage was further increased by pairing ferrocyanide with 2,5‐dihydroxy‐1,4‐benzoquinone (DHBQ) as the anolyte active material, which had a low reduction potential of −0.72 V versus a standard hydrogen electrode (SHE).[148](#cssc201903382-bib-0148){ref-type="ref"} Moreover, reduced nucleophilic attack of DHBQ by water and OH^−^ was expected, leading to good chemical resistance. Recently, the alkali RFB was further studied by exploring a new class of alloxazine derivatives as anolyte active materials by Aziz et al.,[149](#cssc201903382-bib-0149){ref-type="ref"} which was important to enrich the organic material candidates. These materials exhibited excellent cycling stability over 400 cycles (a capacity fading of 0.02 % per cycle) versus ferrocyanide.

The redox potentials of organic materials are mostly determined by their types, molecular structures, and functional groups.[150](#cssc201903382-bib-0150){ref-type="ref"}, [151](#cssc201903382-bib-0151){ref-type="ref"} In addition, in aqueous electrolytes, the change in pH value may cause a shift in the thermodynamic redox potentials of proton‐related reactions (such as that for quinones).[27](#cssc201903382-bib-0027){ref-type="ref"}, [146](#cssc201903382-bib-0146){ref-type="ref"}, [150](#cssc201903382-bib-0150){ref-type="ref"}, [152](#cssc201903382-bib-0152){ref-type="ref"} Mostly, organic materials can only be used within certain pH ranges (Figure [12](#cssc201903382-fig-0012){ref-type="fig"}), which leads to difficulties in combining redox pairs to maximize the cell voltage and their concentrations. In general, the solubility of organic materials in aqueous systems can be improved by structurally introducing hydrophilic groups, such as hydroxy, ammonium, sulfate, and phosphate.[142](#cssc201903382-bib-0142){ref-type="ref"}, [144](#cssc201903382-bib-0144){ref-type="ref"}, [153](#cssc201903382-bib-0153){ref-type="ref"}, [154](#cssc201903382-bib-0154){ref-type="ref"}, [155](#cssc201903382-bib-0155){ref-type="ref"} Computational screening has proven to be a powerful method to determine their derivatives,[156](#cssc201903382-bib-0156){ref-type="ref"} with improved cycling stability and fast electron‐transfer rate.[157](#cssc201903382-bib-0157){ref-type="ref"}

![Redox potential and effective electron concentration of representative organic materials in aqueous electrolytes of different pH values. DHPS=7,8‐dihydroxyphenazine‐2‐sulfonic acid, DHAQ=2,6‐dihydroxyanthraquinone, 2,6‐DBEAQ=4,4′‐((9,10‐anthraquinone‐2,6‐diyl)dioxy)dibutyrate, ACA=7/8‐carboxylic acid, FMN‐Na=flavin mononucleotide, MV=methyl viologen, (SPr)~2~V=1,1′‐bis\[3‐sulfonatopropyl\]‐4,4′‐bipyridinium, \[(NPr)2TTz\]=4,4′‐ (thiazolo\[5,4‐d\]thiazole‐2,5‐diyl)bis(1‐(3‐(trimethylammonio) propyl)pyridin‐1‐ium) tetrachloride, \[(Me)(NPr)V\]Cl~3~=1‐methyl‐10‐\[3‐(trimethylammonio)propyl\]‐4,40‐bipyridinium trichloride, BTMAP‐VI=bis (3‐ trimethylammonio)propyl viologen tetrachloride, AQS=anthraquinone‐2‐sulfonic acid, AQDS=9,10‐anthraquinone‐2,7‐disulfonic acid, BTMAP‐Fc=bis((3‐trimethylammonio)propyl)ferrocene dichloride, HO‐TEMPO=4‐hydroxy‐TEMPO, MB=methylene blue, TEMPOSP=TEMPO‐4‐sulfate potassium salt, TEMPTMA=*N*,*N*,*N*‐2,2,6,6‐heptamethylpiperidinyl oxy‐4‐ammonium chloride. Reproduced from Ref. [150](#cssc201903382-bib-0150){ref-type="ref"} with permission. Copyright 2019, Wiley.](CSSC-13-2205-g016){#cssc201903382-fig-0012}

Yu et al. recently explored a class of heteroaromatic phenothiazine derivatives (for instance, MB (Figure [7](#cssc201903382-fig-0007){ref-type="fig"})) in acidic catholyte, which exhibited a high electron concentration of 3 [m]{.smallcaps} and excellent chemical stability.[150](#cssc201903382-bib-0150){ref-type="ref"} A high electrolyte utilization of about 87 % and a steady cycling stability (a capacity fading of 0.074 % per cycle) at 80 mA cm^−2^ have been observed for a concentrated catholyte of 1.5 [m]{.smallcaps} MB (two‐electron reaction materials).

Generally, ion‐exchange membranes show good ionic conductivity at low or high pH, but poor ionic conductivity in neutral aqueous electrolytes.[110](#cssc201903382-bib-0110){ref-type="ref"}, [142](#cssc201903382-bib-0142){ref-type="ref"}, [150](#cssc201903382-bib-0150){ref-type="ref"} This is also an important factor that should be considered in the combination of active materials with membranes.

4. Summary and Outlook {#cssc201903382-sec-0013}
======================

The use of organic redox‐active materials, containing abundant elements, such as hydrogen, nitrogen, carbon, and oxygen, is attracting increasing attention for the development of rechargeable batteries. To promote their utilization as either traditional solid‐state electrode materials for LIBs or dissolved fluidic redox species in liquid catholytes and anolytes for RFBs, it is of great importance to explore better performing electrolytes towards the realization of safe batteries,[31](#cssc201903382-bib-0031){ref-type="ref"} with improved cycling stability, high round‐trip efficiency, and suitable energy and power densities. Herein, by surveying representative examples of different organic active materials and electrolyte components, we discussed the performance‐limiting scenarios and highlighted some recent illuminating improvements for new electrolyte formulations.

Despite the use of different system architectures for LIBs and RFBs (Figure [1](#cssc201903382-fig-0001){ref-type="fig"}), they have some common requirements for a given electrolyte (Figure [13](#cssc201903382-fig-0013){ref-type="fig"}), including safety; wide ESW; fast ion transport; broad temperature adaptability; long‐term cycling stability; and high efficiency, that is, minimized side reactions. From a performance point of view, nonaqueous electrolytes dominate state‐of‐the‐art LIBs, whereas aqueous electrolytes prevail for RFBs.

![A wraparound overview of the components and functions of electrolytes that affect the physio‐ and electrochemical properties of organic energy‐storage materials for LIBs and RFBs, highlighting common issues and differences.](CSSC-13-2205-g017){#cssc201903382-fig-0013}

Depending on the number of ions present in the given solvent (Figure [13](#cssc201903382-fig-0013){ref-type="fig"}), concentrated electrolyte,[158](#cssc201903382-bib-0158){ref-type="ref"} water‐in‐salt electrolyte,[87](#cssc201903382-bib-0087){ref-type="ref"}, [88](#cssc201903382-bib-0088){ref-type="ref"} and water‐in‐IL[113](#cssc201903382-bib-0113){ref-type="ref"}, [120](#cssc201903382-bib-0120){ref-type="ref"}, [121](#cssc201903382-bib-0121){ref-type="ref"} concepts have been developed. If the ions outnumber the water molecules in the electrolyte, the ESW of water‐based systems can be largely extended (Figure [14](#cssc201903382-fig-0014){ref-type="fig"}).[87](#cssc201903382-bib-0087){ref-type="ref"}, [88](#cssc201903382-bib-0088){ref-type="ref"}, [113](#cssc201903382-bib-0113){ref-type="ref"}, [120](#cssc201903382-bib-0120){ref-type="ref"}, [121](#cssc201903382-bib-0121){ref-type="ref"} In addition, the cycling stability of the organic redox materials in these concentrated electrolytes can be improved due to the inhibition of chemical attack by solvent molecules with largely reduced content. Furthermore, different solvation models, molecular and ionic coordination environments, and molecular interactions can affect the dissolution behavior and possible side reactions with organic active materials. Interestingly, water‐deficient electrolytes, as shown in Figure [14](#cssc201903382-fig-0014){ref-type="fig"}, allow for a combination of a wide range of organic redox species with a large redox potential gap. The cathodic and anodic stability boundary can be significantly shifted (Figure [14](#cssc201903382-fig-0014){ref-type="fig"}). Compared with water‐in‐salt electrolytes,[87](#cssc201903382-bib-0087){ref-type="ref"}, [88](#cssc201903382-bib-0088){ref-type="ref"} water‐in‐IL electrolytes allow for the lower boundary, in particular, to be extended to even lower potentials.[113](#cssc201903382-bib-0113){ref-type="ref"}, [120](#cssc201903382-bib-0120){ref-type="ref"}, [121](#cssc201903382-bib-0121){ref-type="ref"} They are promising as alternatives to flammable organic solvents[159](#cssc201903382-bib-0159){ref-type="ref"} and viscous ILs, enabling a moderate cell voltage of about 2 to 3 V.[160](#cssc201903382-bib-0160){ref-type="ref"}

![A comparison of the ESW of different solvents and supporting electrolytes.[87](#cssc201903382-bib-0087){ref-type="ref"}, [88](#cssc201903382-bib-0088){ref-type="ref"}, [113](#cssc201903382-bib-0113){ref-type="ref"}, [120](#cssc201903382-bib-0120){ref-type="ref"}, [121](#cssc201903382-bib-0121){ref-type="ref"}, [158](#cssc201903382-bib-0158){ref-type="ref"}, [159](#cssc201903382-bib-0159){ref-type="ref"}, [160](#cssc201903382-bib-0160){ref-type="ref"} EMMIm=1‐ethyl‐2,3‐dimethylimidazolium.](CSSC-13-2205-g018){#cssc201903382-fig-0014}

Different types of conducting ions and solvents allow for the realization of tunable physio‐ and electrochemical properties. They play a critical role in the safety,[31](#cssc201903382-bib-0031){ref-type="ref"} accessible capacity, rate performance, and long‐term durability. An optimized combination of organic active materials, solvents, and conducting ions appears to be key in this regard, considering also other specific requirements, such as membrane‐related issues for RFBs.[161](#cssc201903382-bib-0161){ref-type="ref"} Although self‐discharge can also occur for RFBs, it is not as significant as that for LIBs, since the majority of the two electrolytes is located in tanks and only a very small volume is located inside the electrochemical cell, which might be affected by chemical diffusion, and thus, cause self‐discharge.

High‐voltage (\>3 V) batteries still require organic‐solvent‐ or ionic‐liquid‐based electrolytes (Figure [14](#cssc201903382-fig-0014){ref-type="fig"}). Several promising strategies have been demonstrated to inhibit the dissolution of organic solid‐electrode materials, such as the use of concentrated carbonate‐based electrolytes, ILs with reduced interaction with organic active materials, or polymer electrolytes with inorganic materials as fillers. Further optimization is needed to obtain better compatibility between the type of organic active materials and selected electrolytes. Moreover, the transition from hybrid lithium (or other metals)/organic material based batteries to all‐organic batteries (such as for dual‐ion batteries and proton batteries) may enable great flexibility for the selection of suitable electrolytes. In addition, polymer‐ and ionic‐liquid‐based electrolytes also allow for the operation of batteries at elevated temperatures, showing largely improved capacities, reaction kinetics, and cycling stability.

For RFBs, nonaqueous electrolytes generally show insufficient power performance, which is related to slow mass transport, sluggish reaction kinetics, and low ionic conductivity of the membrane. Further optimization requires the rational design of the flow channel, cell configuration, use of catalysts, and synthesis/selection of high‐performance membranes. Membrane‐free RFBs and size‐exclusion RFBs with polymer active materials are still at an early stage of research. So far, there is a lack of successful operation of these flow cells at high concentrations and current densities.
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